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A B S T R A C T
The development of the eye requires the co-ordinated integration of optical and neural elements to create a
system with requisite optics for the given animal. The eye lens has a lamellar structure with gradually varying
protein concentrations that increase towards the centre, creating a gradient refractive index or GRIN. This
provides enhanced image quality compared to a homogeneous refractive index lens. The development of the
GRIN during ocular embryogenesis has not been investigated previously. This study presents measurements
using synchrotron X-ray Talbot interferometry and scanning electron microscopy of chick eyes from embryonic
day 10: midway through embryonic development to E18: a few days before hatching. The lens GRIN profile is
evident from the youngest age measured and increases in magnitude of refractive index at all points as the lens
grows. The profile is parabolic along the optic axis and has two distinct regions in the equatorial plane. We
postulate that these may be fundamental for the independent central and peripheral processes that contribute to
the optimisation of image quality and the development of an eye that is emmetropic. The spatial distributions of
the distinct GRIN profile regions match with previous measurements on different fibre cell groups in chick lenses
of similar developmental stages. Results suggest that tissue compaction may not be necessary for development of
the GRIN in the chick eye lens.
1. Introduction
The optical system in the avian eye varies widely depending on the
habitat of the bird and their visual requirements. The eye lens in all
species, thus far measured, has a gradient of refractive index (GRIN)
formed by the gradually changing concentrations of protein in succes-
sive cell layers (Pierscionek and Regini, 2012). The lens is responsible
for accommodation in most species in which this process occurs. In the
chick eye, the cornea is also thought to have some involvement in ac-
commodation (Glasser and Howland, 1996). Investigations on the de-
velopment of the cornea and lens have generally been conducted se-
parately (Bassnett and Šikić, 2017; Coulombre and Coulombre, 1964;
Kujawa-Hadryś et al., 2010; Meyer and O'Rahilly, 1959). The cornea in
the chick eye connects with posterior segment of the eye through a
relatively flat ciliary region that contains a ring of scleral ossicles,
cartilage-like structures, that are thought to support the shape of the
eye (Bayón et al., 2007). The distance between the lens and the retina,
onto which image-carrying light rays are focussed, is relatively short.
This requires high refractive power for good image quality. How the
GRIN lens in the chick eye develops and how this is synchronised with
the growth of the cornea and anterior segment have not been studied.
The chick lens has three distinct zones: a central spherical region
with concentric shells of fibre cells that have formed sutures, a per-
ipheral region consisting of elongating fibres that are attached to the
anterior and posterior lens capsule, and an annular pad covering the
anterior surface and the equator of the lens (Beebe et al., 2001; Kuszak
et al., 1984). Like other vertebrates, the chick lens contains fibre cells at
various stages of differentiation with new cells continuously produced
throughout life by the epithelium adjacent to the anterior capsule
(Bassnett and Winzenburger, 2003). These newly formed cells elongate
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at the equatorial region, to form sutures in the polar regions, losing
their organelles during maturation. Nuclei and organelle degradation
generally commences at embryonic day 12 (E12) in the chick lens
(Bassnett and McNulty, 2003) and creates a central organelle free re-
gion that grows at a similar rate to that of the lens equator (Bassnett and
McNulty, 2003; Beebe et al., 2001).
The transparency of eye lenses is maintained by the precisely or-
ganised arrangement of the fibre cells. The cross-section of lens fibre
cells has a flat hexagonal shape with two longer sides and four short
sides. The two longer sides adhere to adjacent cells in the radial di-
rection and the four short sides connect with adjacent cells in the cir-
cumferential direction (Bassnett et al., 2011). Lens fibre cells are tightly
bound by adhesive proteins and gap junctions, which reduce the in-
tercellular dimensions (Bassnett et al., 2011). Adhesions and connec-
tions are likely to play a role in effecting shear stresses between lens
fibres that will arise in an accommodating lens. Types of cell-cell ad-
hesion complexes change from the lens border toward the centre (Beebe
et al., 2001) and cellular fusions appear in deeper lens regions (Kuszak
et al., 1985, 1989) that may serve as a pathway for cytoplasmic
movement between adjacent cells (Bassnett et al., 2011). It is not clear
whether remodelling or compaction of inner layer lens fibre cells with
continued accrual of cells on the lens surface or indeed a genetic me-
chanism which predetermines the concentration of cytoplasmic pro-
teins in successive lens layers, creates the gradient of protein distribu-
tion and thereby the GRIN structure. Investigations on development of
the optics in the growing chicken embryo are needed to provide insights
into how the GRIN is formed. This study describes measurements of the
developing anterior segment of the chick eye using X-ray interfero-
metric analysis.
2. Materials and methods
2.1. Tissue samples
Fertilized White Leghorn chicken eggs obtained from a commercial
hatchery (Henry Stewart, Louth, UK), were maintained at 37.8 °C and
58–60% humidity in an Octagon 100 incubator (Brinsea Products Ltd,
Sandford, UK). Embryos were removed at E10, 12, 14, 16, and 18 days
and handled in accordance with the ARVO Statement for Use of
Animals for Ophthalmic and Vision Research and local ethical rules. Six
samples were used for all ages except E16 for which there were five
samples. Eyes were dissected free and transferred intact to primary
fixative solution.
2.2. Scanning electron microscopy (SEM)
Eyes were fixed in 2.5% glutaraldehyde/2% paraformaldehyde in
0.1 M sodium cacodylate buffer, pH 7.2 at room temperature for 2–4
days on a rotator. After washing in buffer, anterior segments were
isolated and transferred to 10% NaOH with one change of solution over
a period of 2 days, followed by washing in distilled water for 2 days.
This was conducted to achieve cell maceration and remove the epi-
thelial cells overlying the extracellular corneo-scleral matrix, together
with non-collagenous material and to expose the subjacent fibrillar
tissue. The samples were post-fixed in aqueous 2% tannic acid for 6 h,
followed by 1% osmium tetroxide for 2 h, with washes in distilled water
between and subsequently. Samples were dehydrated through a graded
series of ethanol to 100% and immersed in hexamethyldisilazane
(HMDS) in 3 stages over 24 h, with the HMDS allowed to evaporate in a
fume hood. The dried specimens were then mounted individually using
carbon cement (Leit C, Agar Scientific, Stansted, UK) onto aluminium
SEM stubs and coated with gold in a sputtercoater (S15OA, Edwards
UK). Anterior segment surface morphology was imaged with a sec-
ondary electron detector in a scanning electron microscope (SEM)
(XL20, Eindhoven, The Netherlands) at 15 kV.
2.3. Synchrotron based X-ray Talbot interferometry
Fixed eye samples were measured at the bending magnet beamline
BL20B2 at SPring-8, Japan using X-ray Talbot interferometry (Hoshino
et al., 2010, 2011; Momose, 2005; Momose et al., 2003). The X-ray
beam was fine-tuned to 25 keV by a Si(111) double-crystal mono-
chromator and passed through two transmission gratings. The pattern
thicknesses for the nickel phase grating (G1) and the gold absorption
grating (G2) were 4.35 μm and 110 μm respectively; the pitch and
pattern size areas for both gratings were 4.8 μm and 50 × 50 mm2
respectively. The X-ray beam passage through the sample and the two
gratings produces Moiré fringe patterns that are detected by a scientific
CMOS detector (ORCA Flash 4.0. Hamamatsu Photonics). During
measurements, samples were fixed on a rotator to enable collection of
900 projection images per sample; the absorption grating G2 was
shifted relative to G1 using a 5-step fringe-scan method with a Piezo
stage for phase retrieval. The scans collected produce differential phase
images that are integrated to yield the final phase images. From the
phase shift value obtained from the tomographic reconstruction, pro-
tein concentration is determined against a calibration using standards
of known density (Hoshino et al., 2010, 2011). The refractive index of
the lens, which is linearly related to the protein concentration (Barer
and Joseph, 1954), was calculated using a specific refractive increment
of 0.18 ml/g which is applicable to proteins (Hoshino et al., 2010,
2011). The time of measurement for each lens was 50 min. MatLab (ver.
2018b, Natick, Massachusetts, USA) was employed for the post-pro-
cessing of data and a custom developed code, that reconstructed three-
dimensional data generated by X-ray interferometric measurements,
was used to produce the contour images of chick lenses.
3. Results
Protein concentrations in the mid-sagittal plane of the anterior
segment of the chick eye, including the cornea, anterior chamber and
the lens, are shown in the first row of Fig. 1 for five representative chick
eyes at E10, E12, E14, E16 and E18. The protein concentration along
the optic axis of each eye is shown below each image. At all measured
ages, the lens has a significantly higher maximum protein concentration
than the cornea. In both the lens and the cornea, protein concentration
increases with age but the rate of increase in the lens is much greater
than that in the cornea. In samples aged E16 and E18, bright spots,
indicating high protein concentration, are evident in the limbal region.
Refractive index distributions in the sagittal planes, shown as con-
tour plots with increments of 0.05 in refractive index between each
adjacent contour line (Fig. 2), reveal that lens size increases rapidly
with age as the lens shape undergoes change. The central contours are
elliptical at E10 and E12 (shown in Fig. 2a and b) and progressively
become more circular (Fig. 2c, d and e). These contours do not adhere
to the lens shape and this is particularly evident in cortical regions
which do not show the contour regularity seen in the central nuclear
region. The distinction between the cortical and nuclear regions is very
clear in the GRIN profiles in the equatorial plane (Fig. 2f); there is a
kink at the point where the refractive index decreases from the max-
imum at the lens centre, then plateaus before decreasing at a much
greater rate in the periphery. The GRIN profiles in the sagittal plane are
approximately parabolic (Fig. 2g). The overall profile shapes are similar
for all ages with refractive index values increasing at every point and
causing an increase in depth and breadth of the GRIN profile with age
(Fig. 2 f and g). The maximum value of refractive index increases with
developmental age, with the sharpest rise occurring between ages E16
and E18 (Fig. 2h).
The equatorial dimensions for both the whole lens and the lens
nucleus (defined by the central region with relatively regular contours),
increase steadily with developmental age (Fig. 3a). In the sagittal di-
rection there is an initial increase in the growth of the lens and nucleus
from E10 to E12, followed by a plateauing between E12 to E14 before a
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further increase from E14 to E18 (Fig. 3b). The lens becomes more
elongated as it grows, manifesting in faster growth in the equatorial
plane compared to the sagittal plane.
Fig. 4a shows GRIN profiles in the equatorial direction compared to
the sizes of the central Organelle-Free Zone (OFZ) measured by Bassnett
and McNulty (2003) for chick eyes at E13, E15 and E17 (taken from
Fig. 6a in (Bassnett and McNulty, 2003)). The OFZ is similar in pro-
portion to the plateau part of the GRIN in lenses of comparable age.
Fig. 4b shows fibre cell positions based on results of a previous study
(Faulkner-Jones et al., 2003) from a chick lens at age E19 with the
GRIN profile in the equatorial plane for a lens aged E18. The size of the
outermost region, containing fibre cells with both ends attached to lens
capsule, correlates with the length of the plateau in the GRIN profile.
The fibre cell regions where there is detachment from posterior and
anterior capsules correspond to outer regions of the nuclear part of the
GRIN profile, and the central RNA depletion region corresponds to the
flatter, central portion of the GRIN profile (allowing for expansion of
the E18 profile to age E19 and assuming there is no change in the
overall shape).
SEM shows that the ossicles, a ring of fibrous bone connecting the
cornea and sclera, are clearly visible beneath the ocular surface at E14
as fourteen discrete structures (Fig. 5a). At E16 these features become
larger and start to connect with each other forming small protrusions
between adjacent ossicles (Fig. 5b), and by E18 they have grown and
merged further (Fig. 5c). Cross-sectional images of the protein density
map show the same results (Fig. 5d–f). Brightness of the fourteen
Fig. 1. Protein concentrations in mid-sagittal plane showing the anterior segment of five selected chick eyes at embryonic day (E) 10, 12, 14, 16, 18 (first row) and
profiles of protein concentration along the optic axis of each chick eye (second row). Magnitude of protein concentration is indicated using the grey-scale intensity
bar on the right side of each image (in g/ml). Peaks of very high density in the limbal regions of samples from ages E16 and E18 are indicated by arrows.
Fig. 2. Refractive index contours in chick lens at (a) E10, (b) E12, (c) E14, (d) E16 and (e) E18 (the interval of adjacent refractive index contours is 0.05), (f)
refractive index profiles in the equatorial direction with error bars showing standard deviations and (g) along optic axis in the sagittal direction with error bars
showing standard deviations at all five measured ages and (h) the maximum refractive index values plotted against age.
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ossicles increases from E14 (Fig. 5d) to E18 (Fig. 5f) indicating a density
increase. Three-dimensional density profiles of the ossicles, with re-
spect to the other anterior segment structures, are shown in Fig. 6.
4. Discussion
The presence of a GRIN profile in the eye lens is necessary for
correcting aberrations and ensuring the highest possible image quality
for the eye. The lens is not an isolated optical component but is an
integral part of the eye in maturity and during formation; development
of the lens can significantly influence development of other ocular tis-
sues (reviewed in Bassnett and Šikić, 2017). For example, natural
apoptotic cell death in the lens of a cave-dwelling form of Astyanax
mexicanus has been shown to trigger atrophy of other ocular structures,
with growth restored by transplantation of a lens from a surface-
dwelling form (Yamamoto and Jeffery, 2000). Surgical removal of the
lens from embryonic chick eyes has also been shown to prohibit the
formation of the cornea and an anatomically normal anterior eye
(Beebe and Coats, 2000; Young et al., 2019).
As new fibre cells are synthesised and added to the lens surface,
existing fibre cells become part of the inner and central lens regions and
their cellular protein concentrations increase. It has been suggested that
compaction causes cellular water to be extracted from the cytosol of
interior lens fibres causing the increase in protein concentration
(Bassnett and Costello, 2017). The nature of the compacting force, if it
indeed exists, is not known. Whilst evidence to support compaction in
the nuclei of adult human lenses has been reported (Al-Ghoul et al.,
2001; Costello et al., 2013; Freel et al., 2003; Taylor et al., 1996), this is
not the case for all species. No evidence of compaction has been re-
ported for nine species of piscine lenses (Kozŀowski and Kröger, 2019a,
2019b). In the adult human lens, the cross-sectional area of fibre cells
decreases from the lens surface to the lens centre: 24 μm2 for those
located less than 100 μm from the lens surface to 7 μm2 for those in the
nucleus (Costello et al., 2013). In the chick lens, however, fibre cells at
different depths do not show much variation in their cross-sections
(Kuszak et al., 1980; Stirling and Wakely, 1987). Also absent from the
chick lens is the surface ‘wrinkling ‘seen in inner layers of human lenses
and which has been considered to be a manifestation of compaction (Al-
Ghoul et al., 2001; Freel et al., 2003; Taylor et al., 1996). Compaction
has been suggested as a possible causal factor for the increase in the
nuclear refractive index in the developing murine lens although this
was not conclusive (Cheng et al., 2019). However, a zone of compaction
associated with cataract was found in the cortical region of ageing
murine lenses (Cheng et al., 2019).
Compaction may be a causal factor in GRIN formation in some
species but not in others. In the absence of compaction, the develop-
ment of the GRIN profile is likely to be the result of a programmed
protein and/or cell synthesis that ensures the requisite protein dis-
tribution for creating the GRIN. It is also possible that the nature of
formation of the GRIN varies in different species, it is most likely to be
multifactorial and depend not only on the growth mode, structural
proteins and other mechanisms such as fluid microcirculation (re-
viewed in Donaldson et al., 2017) but on the functional properties,
which are ultimately dictated by visual demand. Compaction also needs
to be considered from the temporal aspect. A process of cell packing
that occurs at a relatively rapid rate over a short period of time in
developmental stages cannot be directly compared to one that takes
years and may be influenced not just by growth but also by lens shape
change in accommodation. Hence, it is not possible, without further
investigation into the mechanism of compaction, to make comparisons
between the results seen in adult human lenses (Al-Ghoul et al., 2001;
Freel et al., 2003; Taylor et al., 1996) and those seen in animal lenses at
early developmental stages.
The distributions and classes of crystallin proteins in the lens have
been linked to the GRIN profile and refractive index magnitude (re-
viewed in Pierscionek and Regini, 2012). Notably lenses with high le-
vels of γ-crystallin, such as found in rodents and fish, have steep GRIN
profiles with high refractive index maxima and γ-crystallin is found in
the greatest proportions in the nuclear region where refractive index is
highest (reviewed in Pierscionek and Regini, 2012). This protein class
has a propensity for tight packing (Slingsby, 1985; White et al., 1989;
Srikanthan et al., 2004; Sagar et al., 2017) and a higher specific
Fig. 3. Increase in lens dimensions with embryonic development for the whole lens and lens nucleus as well as comparison to results reported by Bassnett and
McNulty (2003) in (a) equatorial direction and (b) sagittal direction.
Fig. 4. Comparison of a) GRIN profiles of chick
lenses at E10, E12, E14, E16 and E18 to sizes of
central Organelle Free Zone (OFZ) of chick lenses
aged E13, E15, E17 from Bassnett and McNulty
(2003) and (b) GRIN profile from chick lens at E18 to
locations of different lens fibres zones of a E19
chicken lens from Faulkner-Jones et al. (2003). Or-
ange region: fibres attached to lens capsule; grey
region: fibres detached from posterior lens capsule;
green region: fibres detached from anterior lens
capsule; white region: RNA depletion zone. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Scanning electron microscopy images showing morphology of the anterior segment of the chick eye at (a) E14, (b) E16, (c) E18 and two-dimensional grey-
scale images showing contours of protein density (in g/ml) and ossicles in the plane around 0.4 mm anterior to the equatorial plane, of chick eyes from ages (d) E14,
(e) E16 and (f) E18.
Fig. 6. Three-dimensional density profile (in g/ml) in the cross-sectional plane passing through the limbus of five selected chick eyes at (a) E10, (b) E12, (c) E14, (d)
E16 and (e) E18 showing the emergence of the GRIN profile from E10 and the ossicles from E14.
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refractive increment compared to the other crystallin classes
(Pierscionek et al., 1987; Zhao et al, 2011a, 2011b; Khago et al., 2018).
The chick lens contains very little γ-crystallin (Chen et al., 2016); its
major protein is δ-crystallin, a protein that is soluble at very high
concentrations, forms highly hydrated polymers and is found in softer,
accommodating lenses (Simpson et al., 1995). The chick lens does not
have a steep GRIN profile or high maximum refractive index and this is
compatible with functional requirements, both optical and mechanical.
The specific refractive increment for δ-crystallin has not been re-
ported. However, this protein is relatively abundant in amino acids,
leucine and isoleucine (Piatigorsky et al., 1974; Piatigorsky, 1984) that
have low molecular refractivity (Zhao et al., 2011a). The refractive
increment of δ-crystallin will therefore be lower than those of the other
crystallin classes (reviewed in Pierscionek and Regini, 2012). It should
be noted that values of refractive increment of crystallin classes that
have been measured (Pierscionek et al., 1987; Khago et al., 2018) and
calculated (Zhao et al., 2011a, 2011b; Khago et al., 2018) vary widely.
This is to be expected as refractive index depends on wavelength and to
a lesser extent on temperature. In addition, proteins alter their con-
formation depending on their surroundings and interactions with other
proteins; conformation (Khago et al., 2018) as well as amino acid se-
quence (Zhao et al., 2011a; Mahendiran et al., 2014; Khago et al., 2018)
contribute to the value of the refractive increment. It cannot, therefore,
be known precisely what the refractive increment will be at any given
point in situ where there is a complement of different crystallins. Any
possible variation in refractive increment from the value used in this
study would only alter the refractive index magnitude in the third
decimal place. The values given are not to this level of precision.
Our data show that the dimensions of the developing chick lens, and
its nuclear region in the equatorial and sagittal planes, correspond well
with published findings (Bassnett and McNulty, 2003). In particular,
the centre of the GRIN profile (Fig. 4) closely matches with the size of
OFZ zone (Bassnett and McNulty, 2003) where the cytosolic protein
content reaches a maximum. In the central RNA depletion zone, the
GRIN forms a plateau. It is feasible that cellular fusions in deeper lens
regions allow for the free flow of cytosol between fibre cells (Kuszak
et al., 1985, 1989), and hence contribute to maintaining a relatively
uniform protein concentration in this region.
The refractive index contours in the developing chick lens do not
follow the surface shape of the lens. This is not unexpected given the
lenticular growth mode in which fibre cells, initially attached to both
anterior and posterior capsule, progressively detach from the capsule
while fibre cells in the equatorial region remain attached to the capsule
(Faulkner-Jones et al., 2003). This produces the characteristic central
region with isoindicial contours and an outer, equatorial section with
less well-defined contours (Fig. 2a–e), resulting in the biphasic equa-
torial GRIN profile (Fig. 2f). This biphasic nature does not manifest in
the GRIN profile along the optic axis (Fig. 2g). Here, the profile takes
the parabolic form seen in many other species (Hoshino et al., 2011;
Pierscionek and Regini, 2012) and is needed for unimpeded refraction
and high image quality. A semblance of this refractive index distribu-
tion, in which the central region contours do not adhere to the surface
shape of the lens, has been reported in equatorial GRIN profiles in
young adult human lenses from the second (Pierscionek et al., 2015)
and third decades (Pierscionek, 1997). In older human lenses the re-
fractive index contours more closely follow the surface shape of the lens
(Pierscionek et al., 2015). The young adult human lens, however, does
not show the pronounced biphasic shape of the equatorial GRIN profile
seen in the developing chick lens. The lack of data on the optics of the
developing human lens prevents more detailed comparison. A study,
using optical fibre sensing on gestational bovine lenses (Pierscionek
et al., 2003), found that there was no GRIN profile until about mid-
gestation at which time the parabolic form started to appear. In zeb-
rafish, the perfectly regular and smooth parabolic GRIN profile is evi-
dent at 15 days post fertilisation (Wang et al., 2020); in murine lenses,
the GRIN profile is visible at 2 weeks and starts to become more regular
by 6 weeks of age (Cheng et al., 2019).
Unlike the spherical and high-density zebrafish and murine lenses,
the chick lens is an elliptical and softer structure that renders it capable
of some structural malleability required for accommodation. Results
from measurements of lens shape change during natural accommoda-
tion showing the entire lens in the chick eye have not been reported. If
accommodation in the chick eye is caused by squeezing of the lens via
the forces of ciliary muscle (Choh et al., 2002), it is not clear how the
structural organisation of fibre cells, with those in peripheral regions
adherent to the capsule, would make this more mechanically effective
than in a structure with concentric layers throughout.
Ossicles in the chicken eye, which start to develop at E14 are con-
sidered to allow the lens a greater range of movement (Choh et al.,
2002) and the cornea to contribute to accommodation (Glasser et al.,
1994; Schaeffel and Howland, 1987). The function of the ossicles is not
fully understood. A study on the developing chick eye found asymme-
tries in ossicle number in just under half of the embryos examined
(Franz-Odendaal, 2008). If ossicles are indeed critical to the accom-
modative process in the chick eye, this could suggest an asymmetry in
accommodation between the two eyes. A functional reason for this is
not clear and it is unlikely that such an asymmetry would be optically
beneficial. The diversity in ossicle number and shape in the chick eye
and in other species is reviewed in Fischer and Schoenemann (2019).
How, and whether, the ossicles are involved in accommodation has not
been determined (Fischer and Schoenemann, 2019). Further work on
how the development of these structures are coordinated and exactly
how the chick lens alters shape during naturally induced accommoda-
tion in vivo is needed to fully understand the contribution of all com-
ponents of accommodation and the underlying opto-mechanical re-
lationship in the lens.
Unlike primates, the chick retina does not have a fovea (Slijkerman
et al., 2015) but an afoveate ‘area centralis’ of 3 mm diameter (Morris,
1982; Wisely et al., 2017). Variations in visual acuity in the centre and
in the periphery of the ‘area centralis’ vary by only a factor of two
(Ehrlich, 1981), which is far smaller than for foveae in human eyes
(Seidemann et al., 2002). Emmetropisation in the periphery of the chick
eye was found to have no influence on central refraction (Schipper and
Schaeffel, 2006) unlike in the primate eye (Smith et al., 2005). This
may have implications for the GRIN profile. In eyes where high visual
acuity is concentrated in the fovea, the GRIN profile along the optic axis
and paraxial region is of paramount importance. In eyes where the
peripheral retina also has a reasonable degree of visual acuity, wider
regions of the GRIN profile may contribute to providing the requisite
image quality for emmetropisation.
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